INTRODUCTION
Creating technologies that meet the requirements of the emerging closed-loop economy, based on the widespread use of renewable resources, maximum recycling of secondary raw materials, with the transition from fossil fuels to renewable energy sources as one of the objectives, is becoming increasingly important. One approach to this problem could be to develop third-generation CO2-neutral biofuel technology using renewable vegetable raw materialsmicroalgae biomass grown with wastewater [1] .
The first stage of the biofuel production technology is the cumulative cultivation of microalgae, which is carried out in open, closed or mixed type reactors [2] . Depending on the microalgae strain, cultivation is carried out with the use of various artificial nutrient media (Tamiya, BG-11, TAP, A-5, etc.), at a temperature of 10-35 °C, barbotization of the suspension with a gas-air mixture containing 0.1-25% carbon dioxide, and illumination level of 2-40 klx. In the process of vital activity cells actively divide, accumulate exo-(lipids, phytohormones, vitamins, etc.) and endometabolites (proteins, carbohydrates, lipids, vitamins, antioxidants, etc.), and release oxygen. The concentration of biomass as a result of cultivation increases by 30-50 times compared with the initial concentration of cells [3] [4] [5] .
The second stage of the technology is stress cultivation, which causes accumulation of lipids (or carbohydrates) inside the cells. It is carried out with the use of nitrogen-and phosphorus-depleted nutrient media, with changes in the level of illumination and temperature, allowing to accumulate fatty acids (C:12-C: 22) , which are promising raw materials for the production of biofuel. The concentration of intracellular lipids as a result of stress cultivation increases by 5-10 times in comparison with the lipid content in cells cultivated under optimal conditions [6] .
One of the main problems of cumulative and stress cultivation is the significant costs of selection and preparation of appropriate nutrient media. The search for cheap analogues of nutrients, for example, wastewater, seems to be a promising way of solving this problem [7] [8] [9] [10] . At the same time, the potential attractiveness of their use is complicated by the presence of the opportunistic and pathogenic microflora in them, which can affect the vital functions of microalgae.
There are many methods of cell and culture medium separation: centrifugation, sedimentation, ultrafiltration, flocculation, flotation with use of flocculants and coagulants [11] . However, each of these methods has its own drawbacks, which affect the cost of microalgae cells. The disadvantage of separation by centrifugation is the high energy consumption. The disadvantage of filtering is the need for frequent replacement of filters, membranes and long process times. In the process of sedimentation (gravitational deposition) the least amount of energy is spent, which is an undoubted advantage of this method. However, its long time and low degree of separation limits its industrial application. Electroflotation is associated with frequent electrode replacement and high energy consumption. The method of biomass concentration using flocculants is widely used, the implementation of this method is limited by the reduction of the target product yield as a result of cell adhesion and by the decrease of the contact surface area of the phases under the influence of the extractant. The analysis shows that centrifugation is the most widely used technology in biofuel production for cell concentration.
To increase the efficiency of lipid extraction from microalgae biomass cells, it is necessary to destroy their walls [12] . Cell disruption can be performed in one or more stages. When selecting methods of disintegration, it is necessary to take into account the structure of cellular membranes, their mechanical and biochemical characteristics. There are physical methods of cell disintegration (exposure to solids, microwave radiation, ultrasound, etc.) and chemical methods (exposure to chemical reagents, enzymes, antibiotics, etc.) [13, 14] . The choice of the cell disintegration method is determined by the structure and chemical composition of the cell wall of the microorganism and the target product. It appears to be a promising approach using a combination of chemical and physical methods of disintegration that do not provoke the destruction of target productsintracellular lipids, for example, the sequential treatment of biomass by enzymes and microwave radiation.
The process of extraction of lipids from disrupted microalgae cells is carried out using organic solvents (mixtures of polar and non-polar solvents) or using carbon dioxide in supercritical state [14] . The disadvantage of the first type of extraction is the need to separate organic extracting agents from the target product, so the use of carbon dioxide in the supercritical state is more promising, but at this stage of technology development the cost of the process using high pressure (100-250 atm) on an industrial scale remains high [15] [16] [17] .
The final stage in the biofuel production process is lipid transesterification into fatty acid esters (FAEs). Chemical reactions at this stage take place between fatty acids of lipids and alcohol in the presence of a catalyst. The catalyst of this reaction can be homogeneous alkaline (potassium and sodium hydroxides) or acidic (HCl, BF3, H3PO4, H2SO4) catalysts, as well as heterogeneous mesoporous catalysts (catalysts based on Na/γ-Al2O3, NaOH/γ-Al2O3 и Na/NaOH/γ-Al2O3, etc.). When using a homogeneous alkaline catalyst, alcoxide is formed in the process of interaction of alcohol with the base, which exposes the nucleophilic group of aliphatic acid to a nucleophilic attack.
Despite the fact that the intermediate stages of the process of etherification in the presence of acidic and alkaline catalyst are different, in both processes there is a nucleophilic attack with alcohol or alcoxide of the aliphatic acid carbonyl group. At the same time, since alcoxide possesses stronger nucleophilic properties than alcohol, the rate of transesterification in the presence of an alkaline catalyst is higher than in the presence of an acidic catalyst [18] . It is also possible to apply reusable heterogeneous mesoporous catalysts for the transesterification reaction [19] . The results of the study [20] showed that the highest biodiesel yield of 27% (lipid mass) was observed in the case of the transesterification reaction at 60 °C using a 6% alkaline catalyst, a reaction time of 4 h and a ratio of alcohol to biomass of 16:1 (vol./mass).
The presented analysis of the current state of the technology of production of third generation biofuel from renewable vegetable raw materialsmicroalgae biomassallows us to conclude that the modernization of production stages is relevant to reduce the total cost of the project. In this regard, the study attempted to define the following: 1) conditions of cultivation (temperature, level of illumination) of the strain of lipid microalgae on municipal wastewater for maximum accumulation of biomass and intracellular fats;
2) kinetics of decrease in concentration of ammonium cations, phosphate anions and total microbial number in municipal wastewater during its treatment with the use of microalgae;
3) microalgae exometabolites suppressing the vital activity of waste water microflora; 4) solvents for effective extraction of lipids from microalgae cells; 5) conditions of the transesterification reaction, allowing to obtain the highest yield of fatty acid esters.
METHODS AND MATERIALS
To carry out the experiment, samples of municipal wastewater were used, taken after the sand traps (with the content of ammonium cations of 30-61 mg/l, phosphate anions of 10-38 mg/l, concentration of microflora 1-2.5 of million cell/ml). For the implementation of the wastewater treatment, a lipid-oriented strain Chlorella vulgaris Beijer IPPAS C-2 was selected, obtained from the Timiryazev Institute of Plant Physiology of the Russian Academy of Sciences.
Cultivation on wastewater was carried out within 10-12 days with the use of photobioreactor in volume of 5 liters (item 1 in Fig. 1 ), illumination was provided with the use of light-emitting diode tapes (item 2 in Fig. 1 ). Supply of nutrient medium (wastewater) was carried out with the help of container 6 in Fig. 1 . The experiments were carried out under the following fixed conditions: 1) the seed was 5-10% of the total suspension volume; 2) the pH value was set within the range of 6.2...8.0; 3) the suspension was barbotaged by a gas-air mixture with the carbon dioxide content of 0.03% and the flow rate of 80 l/h for intensive mixing of suspension layers (items 3-5, 7 in Fig. 1 ); 4) the photoperiod was 24 h. The following cultivation conditions were used: Determination of the density (number) of algae cells in the culture fluid was carried out daily by direct count in the Goryayev chamber [21] . The kinetics of ammonium cations concentration in municipal wastewater was determined by the photometric method using Nessler's reagent [22] . Measurement of mass concentration of phosphate anions was carried out every day by the photometric method with reduction by ascorbic acid [23] .
The determination of the total microbial number of aerobic and optional anaerobic heterotrophic microorganisms that use organic substances for nutrition and that form colonies on nutrient agar was carried out by direct seeding on solid nutrient medium [24] .
The process of separation of treated wastewater and microalgae cells on the 10-12th day of cultivation was carried out in the field of centrifugal forces using a centrifuge SIGMA 2-16P, with the separation factor Fr = 1000 for 10 min (item 8 in Fig. 1 ).
Extraction of extracellular metabolites with antibiotic effect was carried out for 24 h in the dark with the help of a rotary mixer using petroleum ether as an extractant. Distillation of the extractant was carried out using rotary evaporator IR-1 M3 at a temperature of 85 °C. To determine the sensitivity of wastewater microorganisms to extracellular microalgae metabolites, the disc method was used [25] .
In order to increase the yield of the target productlipids,the destruction of microalgae cell walls (item 9 in Fig. 1 ) was carried out by sequential treatment with a mixture of enzymes (Cellolux A -Protosubtilin g3x, taken in the ratio of 12 mg/ml : 4 mg/ml, the exposure time of 10 min at 55 °C) and microwave radiation (power 280-700 W, radiation frequency 2450 MHz, treatment time 30-40 s) [26] .
Lipids were extracted from disintegrated microalgae cells in a stirrer apparatus (item 10 in Fig. 1 ) with the use of organic solvents at a temperature of 50 °C and a ratio of microalgae biomass (g) : a mixture of solvents (ml) -1:20. The ratio of organic solvents was selected using Hansen solubility parameters [29] . The qualitative composition of the extracted lipid fraction was determined by thin-layer chromatography [27] , the analysis of lipid fatty acid composition was carried out using a gas chromatograph Crystallux-4000M.
Reaction of transesterification was performed in the reactor (item 11 in Fig. 1 ) with the use of alkaline catalyst and ethyl alcohol at a temperature of 60 °C. Cultivation stage. Experimental studies of Chlorella vulgaris IPPAS C-2 microalgae cultivation in municipal wastewater revealed that the maximum specific growth rate of microalgae cells µmax was observed at a temperature of t = 32 °С and illumination level I = 14 klx (sample 1), which is explained by the fact that under these culturing conditions, metabolic reactions are actively taking place in the cells, providing microorganisms with substances and energy necessary for their vital functions (Table 1) . The rate of removal of ammonium cations also reached the highest values under the conditions of treatment for "sample 1", which is explained by the active metabolism of cells using ammonium cations for the biosynthesis of protein compounds. The highest rate of phosphate anions removal from the wastewater by microalgae was observed under conditions of treatment for "sample 2" (t = 15 °С; I = 7 klx), which can be explained by the fact that the temperature regime of cultivation during this period is stressful, so the cells actively accumulate phosphorus in the form of polyphosphates and "metabolic pool" (nucleic acids, phospholipids, phosphorus esters of sugars). Under the conditions of purification of "sample 3", cell metabolism slows down, therefore, the rate of removal of ammonium cations and phosphate anions decreases ( Table 1) .
The cells of the Chlorella vulgaris IPPAS C-2 strain effectively reduce the concentration of ammonium cations and phosphate anions in municipal wastewater by an average of 93-95% (wt.) and 90-97% (wt.), respectively. The maximum allowable concentrations of ammonium cations (MAC = 1.5 mg/l) and phosphate anions (MAC = 3.5 mg/l) have not been achieved for the "sample 3" treatment conditions, therefore, such water is not subject to discharge into the environment and requires additional treatment (Fig. 2, 3) . The use of microalgae such as Chlorella vulgaris for wastewater treatment for 11-12 days allows reducing the concentration of microflora in wastewater by 86-95% depending on the conditions of cultivation (temperature and illumination level) due to the release of exometabolites with antibiotic effect in wastewater [28] . By analysing the extract of microalgae cultural fluid, it was established that such exometabolites are: 1) triglycerides; 2) O-dialkylmonoglycerides; 3) fatty acids; 4) long-chain alcohols; 5) 1-O-dialkylglycerol esters. It was determined that O-dialkylmonoglycerides, fatty acids and triglycerides have the greatest inhibitory effect on the microflora of wastewater, and the value of this effect depends to a large extent on the intensity and time of light radiation: the antibiotic effect of these substances increases by an average of 2-5 times in comparison with the sample incubated in the dark.
Microalgae cultivation in municipal wastewater is considered stressful because of the imbalance in the ratio of macro-and microelements in their composition. A comparative analysis of the Tamiya medium, recom-mended (close to optimal) for the cultivation of Chlorella vulgaris IPPAS C-2 strain, and the average composition of municipal wastewater (Table 2) shows that the lack of nitrogen-containing compounds and the excess of phosphorus-containing ones stimulates the accumulation of neutral lipids inside cells.
The stages of disintegration and extraction. Microalgae cells need to be disrupted to increase lipid yield. As a result of the complex treatment with a mixture of enzymes and microwave radiation, some of the cells are completely disrupted (lipids are located in the intercellular space), some of them die but retain their shape (lipids inside the cells) and some of them remain intact (lipids inside the cells). Lipids are in the cell in the form of droplets containing triacyl glyceride (TAG) molecules, non-polar lipids whose function is to store energy. This type of lipids can be extracted with the help of a non-polar solvent (hexane, petroleum ether, nephrase, etc.), due to the appearance of dispersion interaction between the molecules of the solvent and lipids. Also, lipid droplets containing proteins and polar lipids may be found in the microalgae cell; such droplets may be in the cytoplasm or in the composition of chloroplast or cell membranes. For the destruction and extraction of such protein-lipid complexes (PLC) it is necessary to use a mixture of polar and non-polar solvents [14] . In this connection, it is important to determine the ratio of polar and non-polar solvents. To make such a selection, Hansen solubility parameters can be used [29] . At the same time, it is important that the selected mixture of solvents allows both triglycerides and lipids included in protein-lipid complexes to be extracted. By means of chromatographic analysis it was determined that the composition of triacyl glycerides (TAG) of Solubility parameters for a mean microalgae biomass lipid were determined with regard to the following considerations: microalgae lipids consist of phospholipids and glycolipids (53%), triglycerides (45%) and a small amount of free fatty acids (2%).
RED (Relative energy difference)numerical representation of solubility of the target product in the solvent; according to Hansen's theory, the optimal solvent should have a minimum value of RED < 1.
The parameters of the mean triglyceride are defined above, and the solubility parameters of phospholipids and glycolipids are presented in the study [29] . The solubility parameters of the averaged fatty acid are defined as the arithmetic mean of the known solubility parameters: stearic acid, oleic acid and palmitic acid: δD = 16.3 MPa 1/2 , δP = 3.12 MPa 1/2 , δH = 4.9 MPa 1/2 . Thus, the solubility parameters of the mean lipid will be approximately equal: δD = 16.2 MPa 1/2 , δP = 3.6 MPa 1/2 , δH = 4.14 MPa 1/2 . In determining the solubility parameters of protein-lipid complexes (PLC), solubility parameters of such protein were used, which is similar in structure to the protein in the pro-tein-lipid complex. The solubility parameters of ergosterol were used as the parameters of cholesterol solubility -the animal analogue of ergosterol: δD = 20.4 MPa 1/2 ; δP = 2.8 MPa 1/2 ; δH = 9.4 MPa 1/2 ; R0 = 12.6. Taking into account the ratio of substances in the protein-lipid complex, the solubility parameters of the protein-lipid complex will be approximately equal: δD = 17.74 MPa 1/2 , δP = MPa 1/2 , δH = 6.69 MPa 1/2 , R0 = 7.1 [29] . Ethanol as the most widespread safe solvent was chosen as a polar solvent, and petroleum etheras a non-polar solvent, because of its low boiling point and as requiring the least amount of energy for distillation. This solvent allows to extract lipids at a temperature of 45-50 C, and exceeding this limit stimulates lipid peroxidation [30] . The final calculations on the selection of different types of solvents are shown in Table 3 . The results of the calculations allow us to conclude that it is optimal to use a mixture of ethanol and petroleum ether, taken in a ratio of 1:2 (vol.).
Experimental study of the lipid extraction process from microalgae cells using a selected mixture of solvents showed that the maximum concentration of intracellular lipids was achieved by cultivation under "sample 1" conditions and amounted to (18±2) % (wt), after 7 days of stress cultivation (concentration of ammonium cations is below 22.5 mg/l). Under the conditions of cultivation for "sample 2" and "sample 3" the concentration of intracellular lipids decreased by 6% and 8%, respectively. At the same time, the ratio of saturated, monounsaturated and polyunsaturated fatty acids also changed significantly ( Table 4 ). The increase in the level of mono-and polyunsaturated fatty acids during the cultivation of microalgae cells at a low temperature is explained by the need to maintain the working condition of the phospholipid bilayer. A decrease in the culturing temperature may cause the membrane to harden. To prevent this effect and to maintain the viability of microalgae cells, fatty acids containing double bonds and fewer carbon atoms are developed in lipids.
Transesterification stage. Comparison of the composition of the neutral microalgae lipids fraction (see Table 4 "Sample 1") with other oils showed that the qualitative composition of the neutral microalgae lipids fraction is similar to palm oil. At the same time, microalgae lipids contain 1.8 times less unsaturated fatty acids than soybean oil (biofuel feedstock in the USA) and 2 times less than rapeseed oil (biofuel feedstock in EU countries). The lower unsaturated fatty acid content will increase the shelf life of biofuels due to reduced oxidation of fatty acid ester molecules. As a result of experimental studies it was found that the highest yield of FAE KFAE = 45% was achieved by esterification reaction with the use of ethanol in the ratio with lipids 6:1 (mole) at a reaction temperature of 60 C in the presence of an alkaline catalystsodium hydroxide (3% of the mass of lipids).
Based on the results of the conducted studies the following integrated flowchart of municipal wastewater treatment for the purpose of obtaining biofuel can be suggested ( Fig. 4) : at the first stage (stage 1) cumulative cultivation of microalgae on Tamiya medium is carried out within 8 days at the temperature of 30 °С, illumination level of 100 µmol photons/(m 2 ·s) at aeration of suspension by gas-air mixture with carbon dioxide content 0.03%, then (stage 2) the obtained biomass is cultivated in municipal wastewater under stressful conditions (nutrient deficiency) to stimulate the accumulation of lipids inside the cells (8-9 days). Cell biomass is separated from the treated wastewater by centrifugation with Fr = 1000 separation factor within 10 min (stage 4). Wastewater is further treated (at the concentration of ammonium cations (NH4 + ), phosphate anions (РО4 3-) and the number of total coliform bacteria above 1.5 mg/l, 3.5 mg/l, and 5 CFU/ml, respectively or is immediately discharged into a water body (stage 5). Microalgae cells are disrupted in order to intensify the process of lipid extraction by a mixture of enzymes (Cellulux A -Protosubtilin g3x, taken in a ratio of 12 mg/ml : 4 mg/ml, treatment time of 10 min at 55 °C) and exposure to microwave radiation (power 280-400 W, frequency 2450 MHz for 30-40 s) [26] )stages 7 and 8. After that, the extracted lipids are converted into fatty acid esters (third-generation biofuel), reacting in a transesterification reaction with ethanol taken in the ratio with lipids 6:1 (mol) at a reaction temperature of 60 °C in the presence of an alkaline catalystsodium hydroxide (3% of the mass of lipids)stage 9.
CONCLUSIONS
The analysis of the current state of wastewater treatment with the use of microalgae and of technology of the third generation biofuel production has shown that the integration of these two technologies is promising as it meets the requirements of the emerging closed-loop economy, aimed at the widespread use of renewable resources and maximum recycling of secondary raw materials.
It has been determined that municipal wastewater can be a nutrient medium for the cultivation of microalgae of the Chlorella vulgaris IPPAS C-2 strain at a temperature of 10-32 °C, illumination level of 7-14 klx.
It has been established that the cultivation of Chlorella vulgaris IPPAS C-2 microalgae on municipal wastewater is equivalent to stress conditions, thus making it possible for the microalgae biomass to accumulate intracellular lipids. Their amount increases by 2-5 times and this constitutes up to 10-18% relative to the biomass grown on standard laboratory nutrient media.
It was found that, depending on the conditions of cultivation, the cells of Chlorella vulgaris IPPAS C-2 reduce the concentration of ammonium cations, phosphate anions, and the total microbial number in municipal wastewater by 93-95% (wt.), 90-97% (wt.), and 86-95% respectively.
Experiments have shown that triglycerides, Odialkylmonoglycerides and fatty acids have the greatest inhibitory effect on the microflora of wastewater.
Theoretical research with the use of Hansen solubility parameters has proven that the optimal system of polar and non-polar solvents, providing for efficient extraction process, consists of ethanol and petroleum ether in the ratio of 1:2 (vol.).
As a result of experimental studies it was found that the highest yield of fatty acid esters KFAE = 45% was achieved by esterification reaction with the use of ethanol in the ratio with lipids 6:1 (mole) at a reaction temperature of 60 C in the presence of an alkaline catalystsodium hydroxide (3% of the mass of lipids).
According to the results of theoretical and experimental studies, the following scheme of integrated wastewater treatment and renewable energy sources production ( Fig. 4) can be proposed. A distinctive feature of this scheme is the possibility of using municipal wastewater as a nutrient medium for stress cultivation, stimulating the accumulation of intracellular lipids with fatty acid content C12-C22.
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